Post-surgical adhesion occurs when fibrous strands of scar tissue form, leading to the abnormal joining of anatomical structures. Patients undergoing abdominal surgery are at risk of the complications associated with intraperitoneal adhesions. Hyaluronic acid (HA) is a biocompatible, biodegradable and non-toxic natural polymer, which is gaining popularity as a barrier agent for preventing post-surgical adhesions. As HA is water-soluble and rapidly degraded in vivo, chemical modification is required to produce a nonsoluble sheet that might be used to prevent tissue adhesion. We developed a range of biocompatible cross-linked HA-collagen composites and then evaluated them in a rat model of post-surgical adhesion. The results showed that crosslinked HA-collagen was almost totally resistant to hyaluronidase digestion. HA-collagen membranes induced minimal tissue reactions and were bioresorbed within 14 days post-surgery. These results suggest that cross-linked HA-collagen membrane may be a valuable antiadhesion material to prevent post-surgical intraperitoneal adhesion.
Introduction
Adhesions are abnormal attachments that form between tissues or organs after surgery or as a result of local inflammation. The incidence of intraperitoneal adhesions following surgical operations is 40 -70%. 1 The mechanism of post-operative tissue adhesion is not fully understood, but peritoneal trauma, ischaemia and some foreign bodies have been recognized for many years as being able to stimulate adhesion. 1, 2 Post-surgical abdominal adhesion is associated with numerous complications, such as bowel obstruction, difficult re-operation and female infertility.
There has been a large volume of work published on the prevention of postoperative adhesion. 3 The majority of studies concluded that the best method to prevent adhesion is to minimize peritoneal trauma during operations. In addition to an improvement in surgical technique, there has also been a steady flow of publications on animal experiments reporting the effects of various methods of preventing intraperitoneal adhesion. The main approach has been to apply a barrier at the early stages of wound healing to separate serosal surfaces and decrease adhesion formation. 4, 5 The mechanical barriers, which have been composed of a variety of materials, have reduced post-surgical adhesions in several clinical trials and in an animal model. 6 -8 Hyaluronic acid (HA) is a naturally occurring linear polysaccharide found in connective tissue, synovial fluid, the umbilical cord and the vitreous humor; it is used extensively in ophthalmic surgery. Experimental work done by Ghellai et al. 9 suggested that the HA membrane functions as a physical barrier by temporarily separating serosal tissue during the post-operative healing phase, thus preventing adhesion formation. Urman et al. 10 studied the effect of HA on intraperitoneal adhesions using a rat model with uterine horn injury and found that pre-treatment with HA decreased the number of post-operative adhesions. Mast et al. 11 demonstrated that the increased concentrations of HA found in fetal wounds, but not in adult wounds, resulted in scarless wound healing. These results confirm that exogenous HA has anti-adhesive properties as well as having a beneficial effect on wound healing.
We aimed to develop a biocompatible 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)-cross-linked HA-collagen composite and to evaluate its effect on post-surgical intraperitoneal adhesion in rats.
Materials and methods

MATERIALS
Collagen (type I/III = 85/15) was purchased from Meddicoll (Sydney, Australia). The sodium salt of hyaluronic acid (molecular weight: 1.5 × 10 6 ) was purchased from LifeCore (MN, USA) as a dry powder. EDC and testicular hyaluronidase were purchased from Sigma (St Louis, MO, USA). The commercially produced anti-adhesion film used in this study, Seprafilm ® (Genzyme Corporation, Cambridge, MA, USA ) is a biopolymer composed of sodium HA and carboxymethylcellulose (CMC). All other chemicals were of chemical grade.
PREPARATION OF CROSS-LINKED HA-COLLAGEN MEMBRANES
Collagen was dissolved in 0.5 M acetic acid at 4°C and 1N NaOH was used to adjust the pH to 5.0. The collagen solution was mixed with the HA aqueous solution to produce a range of weight ratios (HA:collagen) from 80/20 to 40/60 (w/w). An aliquot (10 ml) of the HA-collagen solution was poured into a 5 × 5 cm Teflon dish and allowed to dry at 35°C to form a fabricated membrane.
To cross-link the fabricated HA-collagen membranes, they were immersed in 2.5% EDC solution in 80% acetone for 2 h at 35°C. The HA-collagen membranes were then removed from the Teflon plate, washed three times with 80% acetone for 30 min each to remove the residual EDC and washed again with distilled water. The washed HA-collagen membranes were allowed to dry under atmospheric pressure at 25°C.
IN VITRO ENZYME DEGRADATION
An in vitro enzyme degradation test of the cross-linked HA-collagen membranes was performed using hyaluronidase buffer, which had an activity of 200 units/ml. Pieces (1 × 1 cm) of dried cross-linked HA-collagen membranes were immersed in hyaluronidase buffer at 37°C for 24 h. The amount of in vitro enzyme digestion was determined by measuring the HA concentration of the solution after 24 h using the carbazole reagent. 12 Non-cross-linked HA-collagen membranes were used as control membranes. 
CYTOTOXICITY TEST
The cytotoxicity of EDC-treated HA-collagen membranes was tested by a direct contact cell culture method using L929 fibroblasts (CCRC 60091, NCTC clone 929, from mouse connective tissue) and by staining the lysosomes of living cells with neutral red (3-amino-7-dimethylamino-2-methyphenazine hydrochloride). L929 fibroblasts were cultured in Eagle's MEM (GIBCO TM , Invitrogen Corp, CA, USA) with non-essential amino acids containing 90% Earle's BSS, 10% horse serum and 10% fetal bovine serum (FBS, Hyclone Laboratories Inc., UT, USA) at 37°C in an atmosphere of 5% CO 2 . The HA-collagen membranes were shaped to fit the wells of a 24-well plate and placed into the wells under a glass ring (to hold them at the bottom of the well). L929 fibroblasts were sub-cultured into the 24-well plates at a density of 8 × 10 4 /ml 3 . After 24 h incubation, the tissue culture medium was removed and the cells stained with 0.005% neutral red solution for 3 h to identify the living cells. A polystyrene Petri dish was used to generate control L929 cells, which adhered to and spread normally on the plastic surface of the dish.
Cells were examined after staining using a NIKON ECLIPSE TS100 light microscope and photomicrographs taken with a SONY SSC-DC50A digital system.
EVALUATION OF INTRAPERITONEAL ANTI-ADHESION PERFORMANCE
The animal studies were carried out according to the guidelines of Chang Gung Memorial Hospital's Institutional Animal Care and Use Committee. The Committee acknowledged that our animal studies complied with the law protecting animals issued by the Council of Agriculture Executive Yuan, Republic of China and guidelines cited in the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, National Research Council, USA).
Twenty-four Sprague-Dawley rats were fasted overnight. Anaesthesia was administered by an intraperitoneal injection of ketamine (100 mg/kg) and xylazine (20 mg/kg). The surgical technique, which was identical to that used for a clinical laparotomy, was performed under strict aseptic conditions and meticulous haemostasis was maintained. A midline incision was performed and the peritoneal cavity was exposed. Two parietal peritoneal defects (each 2 × 0.5 cm in size) were made on each side of the anterior abdominal wall 2 cm away from the midline. The upper and lower edges of each defect were marked with 4-0 Nylon stitches.
Four different compositions of HAcollagen membranes were tested ( Table 1) . The test membranes were cut into 2 × 1 cm strips to cover the peritoneal defects. Each animal was randomly assigned to receive two different test HA-collagen membranes. The 24 rats were randomly divided into four groups of six rats; one group was killed at 1, 2, 3 and 4 weeks after surgery.
At post-mortem, the peritoneal cavity was opened through bilateral subcostal incisions. Any adhesions that had developed between the traumatized peritoneal defects and the intraperitoneal visceral organs were evaluated by gross quantitative assessment of the adhesion(s) (percentage of area of the traumatized peritoneal defect between the two stitch-marks that had adhesions) and histological examination.
The area covered by the HA-collagen membrane was resected en bloc, fixed in 10% buffered formalin and embedded in paraffin. Sections were cut (5 µm) and stained with haematoxylin and eosin. Histological analyses were performed, using an Olympus BX51 light microscope, paying special Hyaluronate-collagen film for preventing post-surgical adhesion attention to the presence of any residual HAcollagen membrane, granulocytes, macrophages or histiocytes, giant cell reactions and any fibrosis.
Results
PHYSICAL PROPERTIES OF HA-COLLAGEN MEMBRANES
The transparency of the HA-collagen membranes varied with the weight ratio of HA to collagen. Prior to cross-linking, the membrane generally became more opaque with increasing collagen content ( Fig. 1 ). Following ECD-induced cross-linking, all of the HA-collagen membranes, regardless of their collagen content, became opaque (Fig. 2) .
In addition to changes in appearance, the HA-collagen membranes also showed different degrees of resistance to hyaluronidase activity. Cross-linked HA-collagen membranes were more resistant to hyaluronidase activity than non-cross-linked membranes, which were readily degraded by the enzyme (Fig. 3) . The amount of HA that was released into solution after treatment of non-cross-linked HA-collagen membranes with hyaluronidase for 24 h was not dependent upon the composition of the membranes (Fig. 3) . Treatment of all of the various compositions of cross-linked HAcollagen membranes with hyaluronidase for 24 h did not yield significant amounts of HA (data not shown).
When L929 fibroblasts were cultured on HA-collagen membranes for 24 h, the cells presented with a different morphology ( Fig. 4 ). Fig. 4A shows the normal morphology associated with the attachment and spreading of L929 fibroblasts on the plastic of the Petri dish. In contrast, when L929 were cultured on HA-collagen membrane they did not attach to the surface of the membrane and maintained a round shape without spreading (Fig. 4B ). Staining with neutral red confirmed that almost every cell was alive despite not attaching to the HA-collagen membrane.
EVALUATION OF INTRAPERITONEAL ANTI-ADHESION PERFORMANCE
One week after surgery, gross assessment of adhesion showed that there was no adhesion between the peritoneal defects covered by all four-test HA-collagen membranes and the visceral organs ( Fig. 5 ). Materials A, B and C remained unabsorbed, while material D was completely resorbed. At 4 weeks after surgery, material B remained unabsorbed and had migrated to distant locations. Material C had disappeared completely. Covering the peritoneal defects with material A was associated with 0 -10% adhesion; covering C with material B was associated with 20 -70% adhesion; covering with material C was associated with 20 -80% adhesion (Fig. 6) ; and covering with material D was associated with 20 -80% adhesion. Histological examination showed that covering the peritoneal defects with material A induced mononuclear cell infiltration after weeks 1 and 2 post-surgery, but there was only mild fibrotic change at weeks 3 and 4 post-surgery.
TABLE 1: Composition of the four hyaluronic acid (HA)-collagen membranes used to evaluate the prevention of post-operative intraperitoneal adhesions between surgically induced peritoneal defects and intraperitoneal visceral organs in rats
Material identification Composition
Covering the peritoneal defects with material C resulted in a severe mononuclear cell reaction at all weeks post-surgery. The use of material D was associated with a mononuclear cell reaction at week 1 post-surgery only (Fig. 7) .
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Discussion
Prior to EDC-induced cross-linking, the HAcollagen membranes exhibited various degrees of transparency depending on the amount of collagen in the composition. HA is a polymer that can absorb and retain high levels of water. When it is in solution, HA occupies a volume that is about 1000 times greater than when it is in a dry state. The HA-collagen membranes therefore became less transparent as the HA content decreased and the collagen content increased. After EDC-induced cross-linking, all of the HAcollagen membranes became opaque. The increase in opacity was likely to have resulted from the formation of cross-links between the carboxyl groups of HA with amino groups of collagen, and hydroxyl groups of collagen or HA. 13 In addition, covalent bonding increased the resistance of the membranes to enzymatic degradation. There was no notable degradation after incubation of the cross-linked HA-collagen membranes for 24 h in a hyaluronidase solution that was 100-fold more concentrated This result showed that collagen molecules did not interfere with the interaction between HA and hyaluronidase. We concluded that there was no phase separation in the microstructure of the HAcollagen membranes and that this material can last for up to at least two weeks in vivo.
Hyaluronic acid-derived material not only acts as a physical barrier, but it also acts as a biological barrier by inhibiting cell aggregation via the HA receptor. 14 As shown in Fig. 4 , L929 fibroblasts did not attach to or spread on the surface of HA-collagen membranes and maintained a round shape due to inhibition of cell adherence by HA. The L929 fibroblasts did not adhere to the HA-collagen membranes, but almost all of the cells were alive as demonstrated by their positive staining with neutral red dye. This finding indicated that there was no cytotoxicity associated with the cross-linked HA-collagen membranes following a sequential fabrication process. As a result of these biophysical properties, we would suggest that the HA-collagen membrane composite could be a candidate material for preventing post-operative adhesion.
To evaluate the anti-adhesive properties of the HA-collagen membrane composites, we chose four different composites to test in rats. Material B remains in the tissue for more than 4 weeks, cannot be easily fixed to the tissue, and may migrate to distant locations causing unnecessary tissue reactions: it is not recommended for preventing postoperative intraperitoneal adhesion. Materials A and C were readily bioresorbed within 4 weeks, showed comparable effects on adhesion prevention to the commercial product (material D), and may provide a mechanical barrier for preventing postoperative intraperitoneal adhesion. We used limited study materials, however, so are not able to conclude that material A is better than material D in preventing adhesion. Further studies will be undertaken.
There are several barriers currently available for clinical use, including oxidized regenerated cellulose (Interceed ® ; Johnson & Johnson Patient Care, Somerville, NJ, USA), hyaluronic acid-carboxymethylcellulose (Seprafilm ® ; Genzyme) and polytetrafluorethylene ® (PTFE, Gore-Tex; Gore & Associates, Flagstaff, AZ, USA). They still present various handling problems, however, such as being too brittle and nonbioresorptive. Taken together, our results would suggest that the HA-collagen membrane composite with a HA/collagen ratio of 60/40 may overcome some of the disadvantages of the currently available products. It was tough, was readily bioresorbed and effectively prevented postoperative intraperitoneal adhesion in a rat model.
FIGURE 7:
A representative photomicrograph showing the mononuclear cell reaction associated with the use of material D that was only observed at 1 week after surgery (haematoxylin and eosin; × 100) Hyaluronate-collagen film for preventing post-surgical adhesion
We conclude that EDC-cross-linked HAcollagen membrane (HA-collagen ratio of 60/40) was resistant to hyaluronidase digestion and was not cytotoxic to L929 fibroblasts. When implanted into rats for up to 4 weeks it prevented adhesions and was only associated with a mild tissue reaction. The results of this study suggest that the HA-collagen membrane could be a candidate mechanical barrier for preventing postoperative intraperitoneal adhesion and should be evaluated further.
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